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Neural activation studies have provided useful information regarding the adaptive mechanisms of cerebral hemodynamics after stroke (7, 21, 35, 36) , as well as in Parkinson's (28) and Alzheimer (16) diseases. One important limitation of previous studies though is that covariates of the CBF response, such as influences of changes in blood pressure (BP) and Pa CO 2 , have not been taken into account. It is possible that the interplay of other cerebral mechanisms (cerebral autoregulation and cerebrovascular reactivity) and the contribution of covariates (BP and Pa CO 2 ) may affect the accuracy of the raw CBF response in representing underlying cerebral activity (4) . To derive more robust NVC measures, Panerai et al. (24) have recently proposed an innovative methodological approach to assess the individual contribution of BP, EtCO 2 , and the metabolic stimulus to the CBF responses. This new approach has considerable potential to improve the sensitivity and overall diagnostic accuracy of NVC studies in stroke. As a first step, we analyzed the dynamic CBFv response to active (MA), passive (MP), and motor imaginary (MI) paradigms in a healthy older population to test the hypotheses that 1) these different paradigms stimulate the brain in a similar fashion and 2) the contribution of BP and Pa CO 2 is the same for different paradigms.
METHODS
Research participants. A total of 19 participants (age Ն45 yr), without vascular risk factors and without symptoms or history of cardiovascular or cerebrovascular disease, were recruited from University staff and their relatives. An additional exclusion criterion comprised physical disease in the upper limb. All subjects were right-handed according to the Edinburgh Handedness Inventory (23) . The study was approved by the Nottingham Research Ethics Committee 1, United Kingdom (Ref:11/EM/0016), and each volunteer gave written informed consent.
Brain activation paradigms. The MA paradigm consisted of repetitive flexion and extension of the elbow, given by the sound of a metronome at frequency of 1 Hz. Subjects were instructed to move within a range of movement of ϳ90°, to ensure that there was no associated major shoulder movement. The MP paradigm consisted of an examiner moving the subject's elbow within a similar range and rate to the active paradigm; subjects were instructed to relax and not resist or attempt to move the arm. During the rest and recovery periods, the examiner kept hold of the participant's arm. The MI paradigm was also a metronome-paced activity in which the participants imagined that they were actively moving their elbow with the eyes closed. An electrical signal indicating when the metronome was on or off was also recorded.
Procedure. The study was carried out in a quiet and temperaturecontrolled (22-24°C) research laboratory while the participants were in a supine position. All volunteers had abstained from caffeine, alcohol, and nicotine for 12 h before the measurement. Bilateral insonation of the middle cerebral arteries (MCAs) was performed using ultrasound Doppler (Viasys Companion III; Viasys Healthcare) with a 2-MHz probe, which was secured in place using a head frame. Beat-to-beat BP was recorded continuously with a Finapres device (Ohmeda 2300; Finapres, Louisville, CO) attached to the middle finger of the left hand. Heart rate (HR) was recorded using a 3-lead electrocardiogram (ECG), and end-tidal CO 2 (EtCO2) was measured via nasal prongs (Salter Labs) by a capnograph (Capnocheck Plus).
The recording procedure was described previously (30) . Briefly, after a period of 15 min stabilization, the paradigms were performed twice in random order. One measurement set had a total duration of 4 min: recording started with a 90-s baseline phase, and then the paradigm was performed over 60 s, with a 90-s recovery phase. Detailed instructions were given before measurements. Movement was performed only with the right arm. Data were simultaneously recorded onto a data acquisition system (PHYSIDAS, Medical Physics Group) at a sampling rate of 500 samples/s. The stimulus signal (SS) using the electrical output from the metronome was added to the ensemble.
Data analysis. CBFv, BP, HR, and EtCO 2 signals were visually inspected to identify artefacts and noise, and narrow spikes (Ͻ100 ms) were removed by linear interpolation. The CBFv channels were subjected to a median filter and all signals were filtered by a low pass filter (zero-phase eighth-order Butterworth filter) with a cutoff frequency of 20 Hz. R-R interval was then automatically marked from the ECG, and mean BP and CBFv values were calculated for each beat. Linear interpolation was used to obtain estimates of EtCO2 synchronized to the end of each cardiac cycle. Beat-to-beat data were spline interpolated and resampled at 5 Hz to produce signals with a uniform time base.
A multivariate autoregressive-moving average (ARMA) model was used to represent the influence of the inputs (BP, EtCO2, and SS) on output (CBFv). As described in APPENDIX and in previous work (24) , the ARMA model allows quantification of the simultaneous influences of BP, EtCO2, and SS to the CBFv response to stimulation. Briefly, the separate contributions of BP, EtCO2, and stimulus to CBFv response were obtained as model predictions, with the use of ARMA coefficients. The order of these models, representing the number of past samples adopted for the autoregressive (AR) and moving average (MA) terms, was thoroughly considered as described in APPENDIX. The beginning of stimulation was used as the point of synchronism to obtain population mean and SD curves for each separate contribution (BP, EtCO2, stimulus) for the ipsilateral and contralateral hemispheres.
Statistical analysis. CBFv response patterns from two executions of each paradigm for each subject were qualitatively compared and the maneuver that achieved the highest amplitude of contralateral CBFv response was chosen to represent the participant's response (31) . Mean CBFv values were extracted from the 30 s preceding the paradigm for baseline. CBFv responses to stimulation were calculated at the first 10 s (for evaluating the initial impact of the paradigms) and last 30 s of each paradigm expressed as time points t10 and t30, respectively. For the same time intervals, the mean of the predicted contributions of BP, EtCO2, and SS to CBFv responses were also calculated. All parameters were expressed as percentages (%) of baseline values.
Using two-way repeated measures ANOVA, baseline values of CBFv were compared between MA, MP, and MI paradigms and between the side of recording (ipsi-and contralateral hemispheres). At the selected time points (t10 and t30), two-way repeated measures ANOVA with paradigms (MA, MP, MI) and side of recording (right, left hemispheres) as the within-factor for CBFv variations and for the predicted contributions of BP, EtCO2, and SS to CBFv responses was used. Tukey's honest significant difference test was adopted for post hoc analyses. A value of P Ͻ 0.05 was adopted to indicate statistical significance. A correlation analysis was performed to compare the similarity of the values of variables at the t10 and t30 time points.
RESULTS
Two participants were removed from the study due to poor insonation of the temporal acoustic window. No data were discarded following visual inspection. Therefore data from 17 subjects (12 male) were included in this study. Included subjects had a mean (SD) age of 64.9 (4.9) yr and Edinburgh Inventory of 91.0 (2.1)%. Baseline peripheral and cerebral hemodynamic parameters were systolic BP 124 (2.9) mmHg, diastolic BP 82 (1.0) mmHg, HR 65 (0.7) beats/min, right MCA CBFv 59.0 (1.9) cm/s, and left MCA CBFv 61.9 (2.1) cm/s. Baseline EtCO 2 was 39 (1.7) mmHg.
Ninety-seven of the 102 recordings analyzed showed satisfactory model fitting as given by the comparison between model-predicted CBFv responses and the real data (24) . Five recordings from two subjects resulted in poor fitting using the original model orders (orders [2,4,1,1]). However, adjusting model orders, mainly by increasing the order of the stimulus terms, solved this problem (APPENDIX).
Temporal pattern of CBFv responses and its contributors. Two-way ANOVA did not show significant CBFv differences between the three paradigms or between ipsi-and contralateral hemispheres at baseline. During paradigms, CBFv showed bilaterally a steep peaked rise, followed by a plateau phase, which outlasted the duration of stimulation (Fig. 1, A and B) . On the other hand, the contribution of SS (Fig. 1, C and D) yielded a much simpler pattern, with a steady plateau and similar duration as the CBFv response. The contributions of EtCO 2 (Fig. 2, A and B) and BP (Fig. 2, C and D) showed both positive and negative values. EtCO 2 increased before MI paradigm onset and contributed to the CBFv rise, especially in the contralateral response (Fig. 2B) . EtCO 2 levels decreased gradually during MI and MA paradigms (reaching a minimum after the end of paradigms performances; Fig. 2, A and B) . In all three paradigms, BP showed a clear peak at the beginning of stimulation coinciding with the initial peak in the CBFv response (Fig. 2, C and D) .
CBFv responses. The amplitude of CBFv and the input parameters variation at t10 and t30 are summarized in Table 1 . At t10, no significant difference was found. At t30, two-way ANOVA showed significant differences (F ϭ 76.2, P ϭ 0.04) in CBFv response between the three paradigms. Post hoc comparisons revealed significant differences (Tukey's post hoc P ϭ 0.04) between MI and MP CBFv responses in the contralateral hemisphere and showed a trend toward a significant difference during MI compared with the MA paradigm (Tukey's post hoc P ϭ 0.05). A similar trend for a reduced CBFv response during MI was also present in the ipsilateral responses (Table 1) showing a marginal significance compared with the MP paradigm (P ϭ 0.05). The correlation between t10 and t30 CBFv values ranged from 0.24 (motor imagery, P ϭ 0.5) to 0.52 (active, P ϭ 0.2) for ipsilateral responses and from Ϫ0.03 (motor imagery, P ϭ 0.9) to 0.57 (active, P ϭ 0.1) for contralateral responses, therefore not showing any strong relationships.
Contribution of individual inputs to CBFv responses. Table 2 gives the distributions of explained variance for each input.
Although Table 2 is presenting higher values for the stimulus contribution in all paradigms, Tukey's post hoc showed significant differences only between active (MA) contralateral BP and stimulus contribution (F ϭ 4, P ϭ 0.03). A significant difference was also found between passive contralateral BP and EtCO 2 contributions (F ϭ 4, P ϭ 0.03, Tukey's post hoc P ϭ 0.04). Note that in each paradigm, the total variance explained by the model is given for ipsilateral and contralateral hemispheres. Nevertheless, a better insight about the contribution of each input is gained by studying their temporal patterns (Fig. 1, C and D, and Fig. 2 ) and the corresponding values of t10 and t30 (Table 1) .
No significant difference between the three paradigms was found in the BP and EtCO 2 contribution at t10 and t30 (Table  1) . However, two-way ANOVA revealed differences of stimulus contribution on CBFv responses at both t10 and t30 (F ϭ 14.8, P ϭ 0.03 and F ϭ 42.03, P ϭ 0.04, respectively). At t10, stimulus contributions differed significantly between MI and MA (Tukey's post hoc P ϭ 0.04) and MP paradigms (Tukey's post hoc P ϭ 0.03) in the ipsilateral hemisphere (Table 1) . Moreover, contralateral stimulus increase during MI was significantly lower compared with MA (Tukey's post hoc P ϭ 0.001) and MP (Tukey's post hoc P ϭ 0.007) paradigms (Table  1) . At t30, contralateral change in MI stimulus was also reduced compared with the other two paradigms using Tukey's post hoc (MA P ϭ 0.02, MP P ϭ 0.03) ( Table 1 ). The contribution of BP showed no or poor association between t10 and t30. Ipsilateral correlation ranged from 0.28 (motor imagery, P ϭ 0.4) to 0.51 (passive, P ϭ 0.1), whereas contralateral ranged between Ϫ0.01 (motor imagery, P ϭ 0.9) and 0.42 (passive, P ϭ 0.2). On the other hand, with the exception of the EtCO 2 contribution during ipsilateral motor imagery (r ϭ 0.3, P ϭ 0.3), highly significant correlations were found in EtCO 2 and stimulus ranging from 0.76 (contralateral motor imagery EtCO 2 contribution) to 0.93 (ipsilateral passive SS contribution).
DISCUSSION
To our knowledge, this is the first time that the individual influences of the active, passive, and motor imagery stimulus and other peripheral covariates on CBFv responses have been assessed and compared by multivariate modeling (see APPEN-DIX) . Although the temporal course of beat-to-beat CBFv response across the three paradigms is consistent with previous studies (24, 30, 31) , CBFv response and the individual CBFv inputs were significantly different during motor imagery compared with active and passive motor responses. Stimulus was shown to be the major contributor of CBFv increases during the paradigm performance ranging from 103.0 (2.4)% to 110.6 (5.2)%, as detailed in Tables 1 and 2 . These findings suggest that as well as differences in the metabolic components of the CBFv response caused by MA, MP, and MI paradigms, rapid influences of peripheral hemodynamics (blood pressure and Pa CO 2 ) may also be involved in cerebral hemodynamic changes. The fluctuating BP and EtCO 2 modulation suggests that both parameters contributed to either increasing or decreasing the CBFv response during paradigms.
The initial temporal pattern of CBFv response, involving a steep bilateral increase, is consistent with former TCD studies using a broad variety of brain activation paradigms (4, 14, 15, 22, 24, 29, 30, 32, 37) . In keeping with our results, Duscheck et al. (15) found the effects of BP on CBFv responses during arithmetic processing were also more pronounced during the first second of the response. From our analysis, it could be seen that this fast CBFv increase was mainly a response of a sharp BP rise rather than a neural metabolic response during the three paradigms, indicating that the first 10 s of CBFv response should not be used as a solo index of NVC, a concern also raised by Panerai et al. (24) . In addition to the observed BP contribution, greater influences of Pa CO 2 were also observed during MI and MA CBFv (Fig. 2, A and B Values are means (SE). CBFv, cerebral blood flow velocity; BP, mean arterial blood pressure; EtCO2, end tidal CO2; MI, motor imagery. *P Ͻ 0.05, Tukey's post hoc for differences between MI and active, and MI and passive paradigms; #P ϭ 0.05, Tukey's post hoc for differences between passive and MI. ϩP Ͻ 0.05, Tukey's post hoc for differences between passive and MI. ϱP ϭ 0.05, Tukey's post hoc for differences between active and MI.
Moody et al. (22) and Ances et al. (3) showed that Pa CO 2 variations during brain activation may modulate cerebrovascular responses. The significant variation of systemic hemodynamics might reflect the fact that both paradigms impose greater demands on attention thus leading participants to higher levels of stress and associated changes to their breathing pattern.
Functional imaging studies have suggested the use of MI and MP paradigms to induce neural activation in areas normally involved in the control of voluntary motor activity (5, 27, 38) . In a previous study we have demonstrated that CBFv responses to active, passive, and motor imagery have similar and reproducible patterns of CBFv response in healthy volunteers (30, 31) , with no significant differences between paradigms. However, when the contribution of each stimulus was extracted from the raw CBFv responses, differences between paradigms could be detected showing a greater sensitivity of model derived estimates to detect differences between paradigms (Fig. 1, C and D) . On the other hand, the lack of significant differences at t30 is possible due to limitation in statistical power since a similar trend was observed in that case (Table 1) . While all paradigms led to CBFv increases, the MI stimulus showed a lesser contribution to the CBF response than the motor paradigms, which is in agreement with previous reports (27, 38) . Although active and MI share common functional circuits, MI leads to smaller BOLD signals (38) and motorevoked potentials (27) as cortical excitability increases with increases in task complexity.
In this study, and in agreement with the literature (5, 11, 20, 40) , MA and MP paradigms led to similar CBFv responses. The similarity persisted even when the contribution of other variables was excluded from the raw CBFv response. While both active and passive paradigms during CBF (or CBFv) measurement may be used to obtain information about the mechanisms of neuronal adaptation after disease states (8, 21, 33, 34) , our experience would recommend the use of passive paradigms to study the recovery of neuronal function as it allows the inclusion of patients with various degrees of motor impairment in all disease stages. Moreover, we have previously demonstrated that the passive paradigm leads to more reliable cerebral hemodynamic responses compared with voluntary movement (31) .
A number of limitations of the present study should be noted. First, in the absence of EMG recordings, voluntary muscular activity during the passive motor paradigm could not be ruled out. However, this paradigm has shown fair to moderate reproducibility for CBFv responses in a previous study (31) . Second, TCD cannot be used to discriminate focal CBF during neural activation. It is possible that the paradigms we adopted did not provide just a focal sensorimotor stimulation but also a nonspecific mental stimulus involving attention, concentration, and motivation. However, since TCD has a good temporal resolution in spite of a relatively poor spatial resolution, it may serve as a complementary tool for investigating cortical motor control in normal and disease-related stages. Indeed, the similarities shown in this study are in keeping with previous functional imaging data (5, 17, 40) . Although the choice of parameters t10 and t30 was somewhat arbitrary, CBFv correlation analysis suggested that they have the potential to provide independent information. As hypothesized above, t10 CBFv responses seem to be mostly driven by BP variations, whereas t30 may reflect more metabolic response of the paradigms. A sensitivity analysis (not reported) also indicated that t10 did not change significantly compared with other alternatives in the range 0 -15 s (0 -5, 5-10, 0 -15). Another limitation results from TCD measuring CBFv rather than absolute CBF. Measurements of CBFv will be proportional to changes in blood flow only if the diameter of the insonated vessel remains constant (2) . Finally, internal carotid stenosis was not examined in all participants. Future neurophysiological research in this area could certainly benefit from an extracranial vascular evaluation.
In conclusion, our first hypothesis was rejected, since motor cognitive paradigms did not stimulate NVC in a similar fashion. On the other hand, our second hypothesis could not be rejected since the contribution of peripheral covariates did not differ between paradigms. These findings have important implications for the interpretation of previous neurovascular coupling studies and for the design of future studies assessing impairment of neurovascular coupling due to disease and its natural history. In particular, the use of MI paradigms to assess patients' CBF and monitor their recovery is discouraged due to its poorer response to stimulation compared with MA and MP paradigms. Instead, the passive paradigm is recommended for this purpose given its similar responses to active paradigms, its superior reproducibility of CBFv responses (30) , and lesser dependence on patient cooperation. The new approach proposed to separate the contributions of BP, Pa CO 2 , and stimulation from the raw CBF response shows considerable potential to increase the diagnostic accuracy of NVC assessment and hence warrants further investigation. 
where n is the discrete sample number and (2) where N is the number of samples in the record and Nt is the total number of model coefficients. The Student's-t value tk can also be calculated for each estimated coefficient as
with c k corresponding to the estimated coefficient value and SDk its standard deviation. Optimal model orders were identified by the compromise between minimum values of FPE and maximum number of coefficients with significant values of t k. A multistep, semiautomatic procedure was implemented to examine all combinations of model orders within a set range and select optimal values from inspections of 2 by 2 matrices of FPE and t k. Finally, for the selected combination of model orders, the quality of model fitting was always confirmed by visual inspection of the predicted temporal pattern of v(t) (Eq. 1) compared with real data.
The fraction of the total v(n) variance explained by the model, V MOD, was calculated from the squared Pearson correlation coefficient between the measured time series of v(n) and model predicted values from Eq. 1. A similar approach was adopted to calculate the relative contribution of each input variable, p(n), c(n), or s(t), as a percentage of V MOD. 
